Our exciting time allows us to contemplate the moment in the not-too-distant future when we can detect the presence of life on worlds orbiting stars other than our Sun. It will not be easy and will require the development and use of the very latest technologies. It also very probably demands deployment in space of relevant instrumentation in order to carry out these investigations. The European Space Agency has been involved in the studies and development of the required technologies for more than a decade and is currently formulating a roadmap for how to achieve the ultimate detection of signs of life as we know it on terrestrial exoplanets. The major elements of the roadmap consist of the following. First, the search for and detection of terrestrial exoplanets. Here, some progress has been made recently and is reported in this paper. Second, the more and more detailed study of the physical characteristics of such exoplanets. Finally, the search for biomarkers-indicators of biological activity-that can be observed at interstellar distances. The last is probably one of the most difficult problems ever contemplated by observational astronomy.
The quest for other habitable worlds
The quest for other worlds that could be abodes of life has been a topic of philosophy and science for several millennia. As stated by Epicurus around 300 BC: 'Other worlds, with plants and other living things, some of them similar and some of them different from ours, must exist.' Demokritos from Abdera (460-370 BC), the man who invented the concept of the world consisting of indivisible small parts-atoms-also held the belief that other worlds existed among the stars and that some of these worlds may be inhabited by life forms. The idea of the plurality of worlds and of life on them has since been held by scientists like Johannes Kepler and William Herschel, among many others. Giordano Bruno, who was born in 1548 and studied in France where he came into contact with the teachings of Nicolas Copernicus, wrote the book De l'Infinito, Universo e Mondi This journal is © 2011 The Royal Society in 1584, in which he claimed that the Universe was infinite, that it contained an infinite amount of worlds like Earth, and that these worlds were inhabited by intelligent beings.
In all the aforementioned cases, the opinions and results were arrived at through reasoning-not by experiment. We have only recently acquired the technological capability needed in order to observe planets orbiting stars other than our Sun. That we have this capability now is a remarkable feat of our time. In this paper, I would like to demonstrate that mankind is at the dawning of an even more exciting age when, by way of the scientific method and twentyfirst-century technology, we will be able to answer fascinating and controversial questions that have persisted for at least 2500 years.
The direct detection of Earth-like exoplanets orbiting nearby stars and the characterization of such planets-particularly, their evolution, their atmospheres and their ability to host life-constitute a significant problem. The great question of whether we are alone-or if there is something alive out there in the nightcan be formulated as a clearly defined scientific objective of an experiment. Since the origin of life most probably requires a stable supply of energy, planets that could host life are likely to orbit around stars and also within what is known as the habitable zone (HZ), a region relatively close to the parent star. It has been suggested that even planetary-mass bodies that once were ejected from their stellar system could retain enough heat to be, in principle, habitable, but they would be extremely hard to find. Given that life is thought to depend on liquid water, the HZ is defined so that it is likely to be present on a planet orbiting within that volume of space. Further, bodies that host life, as we currently understand it, will likely be rocky worlds that would be somewhat similar to Earth, Venus or Mars. In principle, however, they could probably also resemble icy moons akin to those we find in the Jupiter system. Answers as to how large or how small such a world can be and still host life will very likely require empirical data. Acquisition of such data, along with studies that address the prevalence of terrestrial planets, as well as their properties and ability to host life as we know it, now constitute high-priority objectives (themes) in the long-term science plan (Cosmic Vision 2015-2025) of the European Space Agency (ESA), as well as in similar plans under development at the National Aeronautics and Space Administration (NASA) in the USA.
An underlying theme within the Cosmic Vision plan is the need to place our own Solar System into the context of the rest of the Universe. To accomplish this, the following fundamental questions must be addressed: -Is our Solar System a rare occurrence or even unique? -Does life arise on suitable planets almost automatically? Or is the spontaneous formation of life something that occurs rarely on a galactic or cosmological scale?
Serious discussion as to the design and development of instruments capable of acquiring the required data has only occurred over the course of the last 25 years. Following ground-based developments, the first space mission dedicated to the search for rocky or terrestrial planets was launched in 2007, by the French space agency, Centre National d'Études Spatiales (CNES), with the active participation of ESA and the space agencies of Austria, Belgium, Brazil, Germany and Spain. This mission, called CoRoT (Convection, Rotation and planetary Transits, §4a), reported at the beginning of 2009 the first discovery of a planet where, by having both its mass and radius measured and thus its average density known, the composition is determined to be similar to that of the Earth [1, 2] . While this object is somewhat larger than our planetits radius is 1.58 times that of the Earth [3] -its discovery has signalled the beginning of the search for planets like our own. It is very likely that many more such objects will be found in the near future. CoRoT-7b is indeed not the first small planet found. A number of other objects in the same size or mass range have indeed been discovered before [4, 5] , as well as having the first investigations with respect to their habitability carried out [6, 7] . What is unique with the CoRoT-7b planet is that we do indeed know its density and thus that it is indeed 'Earth-like' in terms of its composition. The discovery of the second transiting small-mass planet where we also know the density (GJ1214-b, [8] ) is indicative of the need to actually know this parameter, since its density is 1.87 g cm −3 , when compared with CoRoT-7b, which has a density of 7.2 g cm −3 , in spite of the two planets having more or less similar masses.
Technology has thus finally advanced to the point where we have found the first bona fide planets, orbiting normal stars, outside the Solar System [9, 10] . A few small (Earth-size or even smaller) planets were also found orbiting pulsars at about the same time [11] . We are now finding such planets-exoplanets-at an accelerating rate (present count is more than 452 and new ones are announced weekly). The first feeble images of planets orbiting stars have apparently been obtained (e.g. [12, 13] ) and we can foresee the possibility of instrumentsalbeit large, complex and expensive-that can actually produce an image of an exoplanet.
The road to the stars has to begin with just one little step and we have taken it.
The 'big questions'
The 'big questions' that I am concerned with here are the following:
1. What is the uniqueness of our own Earth? Answering this question will require the systematic searching for as well as the study and characterization of terrestrial exoplanets and their atmospheres. 2. Are we alone?
Here, one will have to investigate in detail the habitability of these worlds, and search for indications of life, i.e. biomarkers that can be detected at interstellar distances. 3. What is our past and future?
This will require that we continue the study of the star-formation process, which has been very successful during the last 25 years, and develop it into an understanding also of how planets and planetary systems form in this context. We also need to be able to understand in detail how planetary systems evolve with time.
What do we need to do in order to answer these 'big questions' ? It is probably not sufficient to seek the answers by studying only our own planet and the evidence found here. Life has undergone an extremely complex chain of events during at least 3.5 Gyr, and most of the evidence of the first stages-which are the important ones in order to answer the question whether we are alone in the Universe-are all gone. Very few square metres of pristine material-if anyexist on the Earth's surface today. Giant impacts, the movement of the tectonic plates and weathering have all led to an extreme recycling of the Earth's surface. Can we then answer our questions by exploring other bodies in our Solar System? This would be much easier than trying to analyse the feeble light from thousands or maybe millions of exoplanets before we find anything. We will very likely explore the Solar System in situ during the next few decades, and eventually land on most of the bodies in it. We will then know if it happened more than once in our system. Nevertheless, if we find something, it will be our own 'cousins'. All the planets in our system were born out of the same primordial nebula under the same set of boundary conditions. So maybe our question should be: Is life in the Solar System all there is? Or does it exist elsewhere?
The conclusion appears inevitable: we will sooner or later need to study a large number of other solar systems-first hundreds, then thousands and maybe even more in order to determine if life exists elsewhere. Just finding signs of any kind of life in another stellar system would tell us two important things. First, it would mean that the Universe is teeming with life. It is highly improbable that the only two planets with life on them in the Universe should be found just by chance near each other. Second, it would mean that the process that gave rise to us is an 'easy' one, governed by natural laws making it more or less inevitable that life forms under the right circumstances. If we do not find anything in our first searches, this would mean that life may be rare (we would be able to set limits to the rarity if we search a large enough volume of space) or maybe that we are alone in the Universe. One may safely assume that we would then do what the human race is really good at-go on trying! Among questions that we potentially could answer by studying a large number of exosolar systems at different stages of evolution are: 'How fast does life arise?', 'How often does life arise?' and 'Under which circumstances does life arise?' Answering these questions could give very helpful indications of how life arose on the Earth itself, and if the formation of life is a simple process or not. Answering these questions, as well as getting an understanding of the evolution of life with time, would of course also lead to an understanding of whether there are governing principles for the life process-on the Earth, in the Solar System and in the Universe as a whole.
In order even to attempt to answer these and related questions, we need to find observables that can be detected at interstellar distances. So called biomarkers that can be identified in the spectrum of an exoplanet with a realistic system have been discussed during the last decade (e.g. [14] ). All such discussions focus on chemical markers detectable in the spectrum and indicating an atmosphere out of chemical balance. In the case of the Earth today, the detection of oxygen (or ozone), carbon dioxide and liquid water is assumed under the other physical parameters relevant to the present Earth to indicate the presence of biological systems. Alternatively, in the earlier history of life on Earth, large amounts of methane were to be found in our atmosphere. The important fact is that we, as the first generation of mankind, have the technical capability, at least to begin the process of finding the answer to these ancient questions through actual experiments.
The Cosmic Vision scientific plan
The Cosmic Vision scientific plan of the ESA is built around four so-called themes defining larger scientific issues that are deemed important for the first few decades of the twenty-first century: It can be said that all four themes, at some level, will of course all impact onto the 'big questions' we are concerned with in this paper, i.e. 'life in the Universe'. Mainly the first two, however, are directly involved.
A possible way forward that has been suggested would be to perform a search and in-depth analysis of terrestrial planets, simultaneously learning more about the conditions for star and planet formation. A census of Earth-size planets should follow, simultaneous with the search for life in the Solar System (e.g. exploration of Jupiter's moon Europa), leading up to the final direct imaging of terrestrial exoplanets and a spectroscopic analysis of a quality permitting the detection of biomarkers. Currently, an external committee of scientists, the ExoPlanet Roadmap Advisory Team, is advising ESA of a possible roadmap on how to achieve at least the first stages.
Similar plans are in place in other space agencies such as NASA and it is very likely that space experiments will be carried out in cooperation.
Searching for planets
Since, for the time being, we hypothesize that life as we know it can exist either on a planetary surface or near it (in the atmosphere or deep in its mantle), a crucial first step is to search for suitable planets. By 'suitable', we mean something similar to our Earth and with reasonable conditions. It should be noted that Sagan & Salpeter [15] discussed complete ecologies in the atmosphere of the planet Jupiter, where the conditions are decidedly not Earth-like, but this must for the moment be left as a hypothesis. This is unfortunate, as it is easier to find such planets (most of the 400 known exoplanets are similar to Jupiter at least in size and presumably in composition) as well as to study them spectroscopically in detail-a work that has already begun (e.g. [16] ).
The problem in studying terrestrial exoplanets is of course that they are small and thus are going to be faint. The Earth itself, in the thermal infrared wavelength region, emits very little light that, at a distance of 10 pc, a potential alien scientist would detect at 1 photon m −2 s −1 mm −1 . This feeble light is going to emanate from very near-the angular separation of the Earth and the Sun as viewed by our hypothetical alien observer would be 0.1 arcseconds-the host star, which is literally a million or billion times brighter. It is as if one is searching for a firefly sitting on the glass of a lighthouse from a distance of thousands of kilometres. We are thus faced with a contrast problem, which is possibly the most difficult problem in observational astrophysics ever. Nevertheless, it has been shown in the last decade that from space it should be possible to detect terrestrial exoplanets using transit photometry, and study them spectroscopically either using what is known as 'nulling' or destructive interferometry or a version of high-precision coronography-the latter with or without a free-flying occulting disc some thousands of kilometres away from the telescope. Without detecting the light from the planets themselves, it appears, however, very difficult to detect the biomarkers indicating the presence of life.
(a) CoRoT: the first successful search for terrestrial planets
The CoRoT (Convection, Rotation and planetary Transits) mission was designed from the beginning with the detection of planetary transits as one of the two primary objectives (the other being asteroseismology), and with most of the observing time allocated to this former goal. A mini-satellite of the Proteus series of small spacecraft developed by the French space agency, CNES, it is a true international mission, with contributions from the ESA, Austria, Brazil, Belgium, Germany and Spain. It is equipped with an afocal telescope with a 27 cm main mirror and a field of view of 2.8 × 2.8 square degrees. The focal plane consists of four frame transfer charge-coupled device (CCD) detectors. Two each of the CCDs are allocated to one of the two main objectives. In the exoplanetary programme, CoRoT is pointed towards the same field of view for 150 consecutive days, with up to 12 000 targets (consisting of F, G and K dwarf stars) brighter than magnitude 15.5 being observed. A grism in front of the exoplanetary detector produces a short spectrum of each target and the data of the (pre-selected) occultation targets are individually read out and transmitted to the ground as a unique 150 day long essentially uninterrupted light curve (the duty cycle in orbit is better than 92%). Having a short spectrum of each target allows one to discriminate between (flares of) activity and true planetary transits.The telescope operates close to the photon noise limit. The size of the planet that can be discerned depends on how close to its primary star it is and how bright the star is. In principle, if the star is in an orbit with a period shorter than a few days or weeks, planets of the size of the Earth can be detected. For longer periods of more than a few tens of days, radii between 1.5 and 2 times our own planet are observable.
CoRoT was launched from Russia in December 2006. The orbit of the space craft is a polar circular orbit of 896 km altitude. The nominal mission of 2.5 years was recently extended to more than double that. The first exoplaneta hot Jupiter named CoRoT-1b-was discovered and confirmed within a few weeks. A major programme of follow-up with spectroscopy carried out by, for example, the HARPS spectrograph and other assets of the European Southern Observatory (ESO) at La Silla as well as other observatories (including the US Keck telescopes in Hawaii as provided by NASA in a cooperative agreement), as well as several photometric telescopes worldwide, is necessary. The photometric observations are required in order to exclude the possibility of the variability being caused by confusing objects within the CoRoT point-spread function. With the radial velocities determined through the spectroscopy, and taken together with the inclination of the planetary orbital plane from the actual measured light curve, we will be able to determine the true mass (and not only the minimum mass that we get when we have only one part of the data like the radial velocity curve) of the exoplanet. Taken together with the diameter, which we get from the shape of the light curve together with the diameter of the star, we can get the planet's average density. Further follow-up observations with large telescopes can provide information about the atmosphere of the planet through spectra.
Having by now confirmed about 20 exoplanets and following up hundreds of candidates, in 2008 a most interesting object-CoRoT-7b-was detected. It showed a transit depth of only 0.0003 (0.03%) in a 20.2 h (0.85 days) orbit around a very active G9V star. This candidate took up a most significant part of the follow-up resources (including Director's Discretionary Time from ESO/VLT) during 2008-2009. It was confirmed as a low-mass (terrestrial, 'rocky') multiplanet system, with the first planet being 5-6 Earth masses and having a radius of just 1.58 times our own planet [1] [2] [3] . An 8 Earth mass planet (CoRoT-7c) in a 3.7 day orbit was also identified in the interpretation of the radial velocity data by Queloz et al. [2] and a 15-20 Earth mass body in a 9 day orbit has been proposed to be present by Hatzes et al. [17] but remains unconfirmed awaiting further observations.
The significance of this detection cannot be underestimated. The latest results clearly indicate an average density and composition [18] almost identical to that of the Earth! It is thus the first identified terrestrial world outside the Solar System. Although, again in an orbit not found to be inhabited by any body in our own Solar System (as with so many of the hitherto found exoplanets), and having a surface temperature of approximately 2000 K on the sunward side, this is a significant step and proves both the concept and that the CoRoT mission can achieve what it was designed to do. CoRoT is continuing its work and it is hoped that other exciting worlds of the same type will be reported in the (near) future. The problem of confirming low-mass planets has been identified to lie with the follow-up process, which is very time-consuming and difficult (CoRoT7b required, among many types of data from the largest telescopes in the world, no less than 110 separate HARPS observations).
(b) Kepler
Kepler is NASA's transit mission that was successfully launched at the beginning of 2009. Being bigger, as well as having a significantly larger field of view, than CoRoT, it is aimed towards monitoring about 130 000 stars for exoplanetary transits. A major difference is also that it is aimed towards the same star field for the whole mission-4.5 years. It is thus expected that it will be able to detect small planets in longer-period orbits than previous missions. Since then it has successfully found five new planets and reported improved results on three transiting planets that were already known within its field. These first results from Kepler were presented at the meeting of the American Astronomical Society in early January 2010. They clearly show that this spacecraft is performing according to specifications. In one of the previously known transiting systems (HAT-P-7) that Kepler has detected, it has also managed to simultaneously measure the asteroseismological signature of the host star in this system [19] .
As a consequence, the stellar and planetary parameters are now known with an increase in precision of more than one order of magnitude (radius and mass to 1%, age of the star to 250 Myr). This means that the knowledge of the error in the determination of the average density of the planet has shrunk from greater than 50% to less than 5%! We are thus approaching the stage where 'true' comparative planetology-the comparison of ours and other solar systems with each other-can be performed.
Kepler can carry out such simultaneous asteroseismological and transit observations, however, for only about 100-150 stars within the field of view, around which one expects-on statistical grounds-to discover at best 1-3 new planets.
(c) The next steps: PLATO and spectroscopy
The PLATO mission was proposed in 2007 as a medium-class candidate in response to the first call for missions of the Cosmic Vision 2015-2025 programme. Following favourable reviews by ESA's scientific advisory bodies, PLATO was selected in 2007 as one of the missions for which an assessment study was to be carried out. This happened during 2008 and 2009 through ESA, supported by the PLATO Study Science Team and industry. As a result of this study, PLATO has recently been selected (together with two other missions) for a definition study extending into 2011, when a down select will decide which of these three missions to implement.
PLATO's scientific objectives are to detect and characterize transiting exoplanetary systems of all kinds (including both the exoplanets and their host stars), in particular small, terrestrial planets orbiting in the HZs around their stars. PLATO will perform a detailed seismic analysis of the host stars, allowing a precise determination of their radii, masses and ages, from which the same parameters of the exoplanets will be derived. This will provide a complete characterization of the exoplanetary systems, including their evolutionary status, and enable us to deduce the nature of the planetary bodies (e.g. ocean or rocky planets, etc.). These objects will be prized targets for more detailed characterization in the future, including the search for biomarkers in their atmospheres. While it builds on the heritage from CoRoT and Kepler, the major breakthrough to be achieved by PLATO will come from its strong focus on bright targets, typically with visual magnitude m V ≤ 11. The PLATO targets will also include a large number of very bright and nearby stars, with m V ≤ 8. The basic PLATO science product will be a very large sample of ultra-highprecision stellar light curves, obtained on very long time intervals (up to 3 years) and with very high duty cycle (greater than 95%). The main requirement is to obtain a photometric precision better than 2.7 × 10 −5 in 1 h for more than 20 000 cool dwarfs and subgiants brighter than approximately m V = 11, and 8.0 × 10 −5 in 1 h for 250 000 stars down to m V = 13-14. In order to reach this goal, PLATO will monitor two successive very wide fields, one for 3 years, the other one for 2 years (goal 3 years). These two long monitoring sequences will be followed by a 1 or 2 year step-and-stare phase, during which a number of fields will be monitored for several months each. This step-and-stare phase will bring flexibility to the mission, allowing, for instance, a very large fraction of the whole sky (larger than 42% depending on the selected concept) to be surveyed, as well as particularly interesting targets identified during the long monitoring phases to be revisited. The spacecraft is intended to be launched in late 2017 on a Soyuz-Fregat rocket for injection into a Lissajous orbit around the L2 Lagrangian point of the Earth-Sun system. This will give a nominal lifetime of 6 years, which is compatible with the example observation strategy outlined above. The payload is using a collection of small, optically fast, widefield telescopes, each with its own CCD-based focal plane. The light and centroid curves from each individual telescope unit are transmitted to the ground at the required cadence, where they are co-added to reach the desired precision.
To conclude, Kepler has demonstrated the validity of the PLATO concept and also shows that PLATO will provide two orders of magnitude improvement on the Kepler results.
(d) Direct detection
After we have found the locations of nearby Earth-size worlds, we will finally be ready to study these in detail.
The space missions capable of meeting the challenges posed by these goals have been studied under the names of, respectively, Darwin [14, [20] [21] [22] and the Terrestrial Planet Finder or TPF (e.g. [23] ). As mentioned above, the direct detection of a planet with the size of the Earth orbiting around its parent star within the HZ constitutes a challenging problem, since the signal detected from the planet is between about 10 10-11 (visual wavelength range) and 10 6-7 (midinfrared spectral range) times fainter than the signal received from the nearby star. Selecting the appropriate spectral region in which to attempt detection is governed by this contrast problem, and the selection of a region in which the characterization of the planet and its habitability is optimum. This problem has recently been addressed in a number of papers, e.g. by Selsis [24] , Traub [25] and Kaltenegger & Selsis [26] . The European study Darwin was based on exploring the spectral region between 6 and 20 mm, a region that contains (among others) spectral features of CO 2 , H 2 O, CH 4 and O 3 . The presence or absence of these spectral signatures would indicate similarities or differences with respect to the atmospheres of known telluric planets such as Venus, Earth and Mars. The ESA study also used a so-called 'nulling' interferometer operating by the principle of destructive interference and in the mid-IR wavelength range for detailed study and possible implementation. It uses free-flying telescopes (i.e. each telescope on a separate satellite and thus no connected structures). This is what is commonly referred to as the Darwin study [22] . It is thus implementing the new technology of 'nulling' (or destructive on-axis) interferometry [27, 28] . The basic concept here is to sample the incoming wavefront from the star and its planet(s) with several (two) telescopes that individually do not resolve the system. By applying suitable phase shifts between different telescopes in this interferometer array, destructive interference is achieved on the optical axis of the system in the combined beam. At the same time, constructive interference is realized a short distance away from the optical axis. Through the appropriate choice of configurations and distances, one can, for the specific case, place areas of constructive interference on regions representative of the HZ and so achieve the required contrast at this location. Both in Europe and USA, a light suppression in excess of 10 6 has been achieved in the laboratory.
NASA has also been investigating the possibility of implementing TPF as a coronographic telescope operating in the visual wavelength range [25] . The investigations have demonstrated that a telescope with an elliptic primary mirror of 3.5 × 8 m could screen between 50 and 150 nearby stars for Earth-sized planets in the HZ. It is somewhat biased towards brighter stars (F-type and early G-type). Given that an Earth-sized planet is discovered around one of these stars, this mission-which has been designated TPF-C to separate it from the interferometer which is TPF-I-could detect biomarkers if the object is one of the 30 most suitable targets.
Conclusion
We live truly in exciting times. The success of space missions like those described above will no doubt impact on a number of scientific and cultural areas and maybe change them beyond recognition. We would not only know how common our Solar System is, but also understand its history and in what direction our planet and its geo/biosphere will evolve. Among the 1000 closest stars, we have a nice randomized distribution of stellar types of ages spanning the range from 10 Myr to 10 Gyr. Particularly, the successful detection of 'true' Earth analogues will of course influence our understanding of how life itself arose and evolved on our planet. Empirical evidence, long ago destroyed by our planets' dynamic surface, can be observed on other worlds-ultimately in a time-lapse movie fashion.
One day, even more detailed observations will be required. It is clear that instruments more complex and ambitious than what have been discussed above will not be seriously considered before we know if one or more 'cousins' of the Earth exist in space near the Sun. The fascinating aspect of our times is that the 'first step' is being contemplated right now. Success in this endeavour will lead to the design of larger systems currently only in their first experimental phase [29] . These systems will dwarf any so far planned. Literally dozens of 10 m class space telescopes flying in formation with inter-satellite distances of several hundred kilometres, and with the focal plane at 5000 km away from the individual telescopes would be required. Such an instrument could take 'true' pictures of the surface of the Earth at distances of 10-20 pc, with resolutions of 10-50 elements and using white light. It would then become possible to draw proper maps of continents, oceans and . . ..
To paraphrase Winston Churchill: 'Regarding this great question, we are not at the end. We are not even at the beginning of the end. But maybe, we are at the end of the beginning' ! The author is grateful to M. Dominik and J. Zarnecki for inviting him to the workshop and giving him an opportunity to give this paper.
